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Available online 24 December 2011AbstractMosses are a dominant component of high-arctic terrestrial ecosystems, yet little is known regarding the abundance and
diversity of fungi associated with these abundant plants. We investigated vertical patterns of abundance and diversity of fungi and
their relationship with chemical properties within profiles ofHylocomium splendens and Racomitrium lanuginosum collected in the
Oobloyah Bay area on Ellesmere Island, Canada. The moss profiles were divided into 6 (H. splendens) and 5 (R. lanuginosum)
layers according to the color and texture, and hyphal length, fungal assemblages, and contents of organic chemical components
(acid-unhydrolyzable residues, total carbohydrates, extractives) and nutrients (N, P, K, Ca, Mg) were measured. Total hyphal length
was greatest at the middle layers ofH. splendens and at the deepest layers of R. lanuginosum and was significantly affected by moss
species and nutrient contents. A total of 18 and 19 fungal taxa was isolated from the profiles of H. splendens and R. lanuginosum,
respectively, with 11 taxa being common to both moss species. Moss species significantly affected the species distribution of fungi.
Individual fungal taxa showed patterns of vertical distribution within the moss profiles. The contents of acid-unhydrolyzable
residues and nutrients increased and the content of total carbohydrates decreased down the profile, which was attributable to the
ability of fungi to decompose carbohydrates selectively and to immobilize nutrients in decomposed moss residues.
 2011 Elsevier B.V. and NIPR. All rights reserved.
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Bryophytes are dominating constituents in high-
arctic terrestrial ecosystems (Russell 1990; Bliss and
Matveyeva 1992; Tenhunen et al. 1992). Mosses
(Bryophyta) as primary producers and their dead
tissues, which decompose slowly due to the low
contents of nutrients and high contents of phenolics* Correspondence author. Tel.: þ81 77 549 8252; fax: þ81 77 549
8201.
E-mail address: tosono@ecology.kyoto-u.ac.jp (T. Osono).
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doi:10.1016/j.polar.2011.12.001and structural carbohydrates, play important roles in
carbon and nutrient budgets in ecosystems
(Cornelissen et al., 2007, Lang et al., 2009). The
accumulation of live and dead moss tissues is deter-
mined by the balance between the primary production
by mosses and the decomposition by decomposer
organisms in the bryosphere, including fungi (Lindo
and Gonzalez, 2010). A diverse suite of fungi
interact with mosses as saprobes, parasites, and
commensals (Davey and Currah, 2006; Kauserud et al.,
2008), but few studies have been performed in high-
arctic regions regarding the patterns of abundancereserved.
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of live, senescent, and dead tissues in different stages
of decomposition.
The purpose of the present study was to examine
vertical patterns of the abundance and diversity of
fungi and their relationship with chemical properties
within moss profiles. Colonies of two mosses, Hylo-
comium splendens and Racomitrium lanuginosum,
were collected in a deglaciated terrain in high-arctic
Canada and divided into 6 (H. splendens) and 5 (R.
lanuginosum) layers according to the color and texture.
Thus, the changes in organic chemical and nutrient
contents in the profiles reflected the pattern of
decomposition and accumulation of organic matter.
The study of fungal abundance and species composi-
tion in the profiles would enable identification of
possible factors affecting fungal assemblages and the
roles of fungi in the decomposition processes.
2. Methods
2.1. Study site
The study area (8050e520N, 8249e510W,
WGS84) is located within the proglacial field of the
southern front of Arklio Glacier in the Kreiger
Mountains near Oobloyah Bay, Ellesmere Island,
Nunavut, Canada. The details of the study area are
described in Mori et al. (2008). In brief, microtopo-
graphic glaciation at this site has led to the develop-
ment of patchwork microhabitats, each with its own
water regime and dominant moss species. The
geological frame of the study area is mainly built up of
Younger Paleozoic and Mesozoic sedimentary rocks,
dominated by sandstone, siltstone and shale, of the
Sverdrup Basin (Okitsu et al., 2004). Weathering of
bedrocks and soil development was generally poor due
to low temperature and relatively short periods since
the recession of the glacier. The dominant vascular
plants included Salix arctica, Dryas integrifolia, Cas-
siope tetragona, and Saxifraga oppositifolia (Mori
et al., 2008). H. splendens ranged from the edge of
the mire (hydric site) to the top of the moraine (xeric
site) and dominated the intermediate plain (mesic site)
between hydric and xeric sites, and R. lanuginosum
dominated the vegetation at the top of the moraine
(xeric site) (Ueno et al. 2009). Samples were collected
on moraines possibly established during the Holocene
(3300e2400 years ago) (Moraine B of Mori et al.,
2008).
Although no climatic data were available for the
study area, data were obtained from the weather stationat Eureka (80000N, 85560W), 130 km south of
Oobloyah Bay, and showed an extremely harsh
climate. The monthly mean temperatures of the
warmest and coldest months (July and February,
respectively) were about 3.3 and 38.0 C, respec-
tively. The annual mean temperature was about
19.7 C and the annual precipitation was about
64 mm.
2.2. Sampling and field measurements
In July 2003, five blocks of H. splendens were
collected from a mesic site on a creek bank and five
blocks of R. lanuginosum from a xeric site on the upper
part of a moraine. The distance between the two
collection sites was approx. 30 m. Each block
measured 10 10 cm in area and 12e18 cm (H.
splendens) or 14e17 cm (R. lanuginosum) in depth.
The blocks of H. splendens were divided into 6 layers
(denoted as layers 1e6 from the uppermost layer, each
1e4 cm in thickness) according to color and texture
(Fig. 1): layer 1 was green, layer 2 was yellow, layers 3
and 4 were brown, layer 5 had black fragile stems but
leaves still attached to stems, and layer 6 had black
fragile stems detached from leaves. The blocks of R.
lanuginosum were divided into 5 layers (denoted as
layers 1e5 from the uppermost layer, each 1e4 cm in
thickness) according to color and texture (Fig. 1): layer
1 was green, layer 2 was yellow, layers 3 and 4 were
brown, and layer 5 had dark brown stems with leaves
attached. Each profile was further divided into four
subsamples (5 5 cm in area), air-dried in situ to
prevent deterioration during transportation, and stored
in paper bags before being transported to the laboratory
for analysis. Three of the four subsamples were used
for hyphal length estimation, isolation of fungi, and
chemical analysis, and the fourth subsample was kept
as an extra.
On July 30, 2004, five blocks of H. splendens and
five blocks of R. lanuginosum were collected at the
same location and in the same manner as in 2003 to
measure moisture content. Blocks of H. splendens
were divided into three layers (layers 1þ 2, 3þ 4,
5þ 6), and those of R. lanuginosum into two layers
(layers 1þ 2þ 3, 4þ 5). The fresh samples of layers
were weighed, air-dried in situ, stored in paper bags,
and taken to the laboratory. The samples were dried
again at 40 C for one week to determine oven-dry
mass. Moisture content was determined gravimetri-
cally according to the equation: moisture content
(%)¼ amount of water/oven-dry mass 100.
Temperature of moss blocks was measured in situ from
Fig. 1. Profiles of mosses. Left Hylocomium splendens, right Racomitrium lanuginosum.
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moRecorder, RT-11, Tabai Espec, Osaka, Japan) were
installed at layers 2 and 5 of a H. splendens colony and
at layers 2 and 5 of a R. lanuginosum colony and
temperature was recorded every hour.
2.3. Chemical analysis
The subsample for chemical analysis for each
profile was oven-dried at 40 C for one week, followed
by grinding in a laboratory mill, to make particles that
would pass through a 0.5-mm screen. Acid-
unhydrolyzable residue (AUR, also known as the
acid-insoluble residue or ‘Klason lignin’ fraction) and
extractive (EXT) contents were measured by sulfuric
acid digestion and alcoholebenzene extraction,
respectively (King and Heath, 1967). Acid-
unhydrolyzable residue contains not only true lignin
of plant origin but also condensed tannin, phenolic
compounds, carboxylic compounds, and alkyl
compounds such as cutin (Preston et al., 1997). Total
carbohydrate (TCH) content was measured by a phe-
nolesulfuric acid method (Dubois et al., 1956). Total C
and total N contents were measured by automatic gas
chromatography (NC analyzer SUMIGRAPH NC-900,
Sumitomo Chemical Co., Osaka, Japan). After acid
wet oxidation in HNO3þHClO, an ascorbic acid
method was performed for P (Olsen and Sommers,
1982); flame photometry was performed for K, and
atomic absorption was performed for Ca and Mg.
Details of the methods were described by Osono and
Takeda (2004a,b, 2005) and were the same as inprevious studies employing chemical analysis of
mosses (Osono et al., 2006a; Ueno et al., 2009). The
contents were expressed in mg/g ash-free dry material.
2.4. Hyphal length estimation
Hyphal lengths in moss profiles were estimated
using the agar film method of Jones and Mollison
(1948) but with several modifications (Osono et al.,
2008). One gram of moss shoots was taken from the
subsample for hyphal length estimation for each
profile. Total hyphal length was calculated as the sum
of the lengths of hyaline hyphae stained with fluores-
cent brightener and of darkly pigmented hyphae. Live
hyphal length was estimated within the same micro-
scope fields as total hyphal length by staining hyphae
with acridine orange to visualize hyphae containing
nucleic acids. Hyphae with clamp connection were
classified into the Basidiomycota, in spite of the fact
that the biomass may have been underestimated
because the frequency of clamp formation varies
between species. The details of the methods are
described in Osono et al. (2008).
2.5. Fungal isolation
A modified washing method was applied to moss
shoots to isolate fungi according to the methods of
Osono et al. (2009). Three to four shoots (1 cm in
length) were chosen from each profile for fungal
isolation and combined to make a total of 18 shoots for
five duplicate profiles. Shoots were washed with sterile
Table 1
Moisture content and temperature range of moss profiles. Values of
moisture content indicate means se (n¼ 5). The same letters indi-
cate that there is not significant difference at the 5% level by Tukey’s
HSD test.
Moss species Layer
Moisture content (%) Mean se
Hylocomium splendens 1þ 2 370 29
3þ 4 428 31 a
5þ 6 357 59 a
Racomitrium lanuginosum 1þ 2þ 3 109 12 b
4þ 5 190 7 a
Temperature (C) Mean (minemax)
Hylocomium splendens 2 7.3 (0.5e17.7)
5 3.5 (1.1e6.7)
Racomitrium lanuginosum 2 8.5 (3.2e14.9)
5 6.5 (4.4e9.5)
Temperature was measured every hour during July 19e31, 2004.
Numbers in parentheses indicate minimumemaximum values during
the measurement.
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on a 9-cm diam. Petri dishes containing LCA modified
by Miura and Kudo (1970). The plates were incubated
at 10 C in darkness and observed at 1, 4, and 8 weeks
after the placement. Any hyphae or spores on the plates
were subcultured on fresh LCA plates, incubated, and
identified. Identification was based on micromorpho-
logical observations, with reference to Domsch et al.
(1980) and Ellis (1971, 1976). The frequency of indi-
vidual fungal taxa was calculated as a percentage of
incidences based on the number of moss shoots with
the taxon on the 18 shoots tested, on moss profiles.
2.6. Statistical analysis
One-way ANOVA was used to evaluate the differ-
ence in moisture content, chemical composition, and
hyphal length among moss layers. Tukey’s honestly
significance difference (HSD) test was used for
multiple comparisons. A c2 test was applied to
examine the difference in the frequency of individual
fungal taxa among moss layers because the data were
in the form of proportions. Pearson’s correlation
coefficients were calculated for linear relationships
between hyphal length and frequency of fungi (arcsine
transformed) and chemical compositions.
Factors affecting the hyphal length were analyzed
with generalized linear models (GLMs) with moss
species (Moss: H. splendens or R. lanuginosum) as
a categorical predictor, and the chemical properties
(AUR, TCH, TXT, C, N, P, K, Ca, Mg, ash) as
continuous predictors. The GLM function in the R
software package for Windows 2.7.0 (http://www.R-
project.org) was used to perform the analysis, and an
automatic stepwise model selection with Akaike
information criterion (AIC) was performed to find the
most parsimonious model, using the minimum AIC as
the best-fit estimator.
To analyze the effect of moss species on fungal
species richness, the number of fungal species was
compared between the moss species using an
individual-based rarefaction curve (Gotelli and
Colwell, 2001). Approximate 95% confidence inter-
vals were calculated as for Coleman et al. (2004). This
analysis was performed with EstimateS 8.2.0 (http://
viceroy.eeb.uconn.edu/estimates).
Ordination analysis was performed using Canoco
4.5 software (ter Braak and Smilauer 2002), in which
the relationships between a set of chemical variables
and an ordination score are plotted in ordination
diagrams. Detrended correspondence analysis (DCA)
was performed preliminarily to check the length of theordination axis. This revealed that the length was lower
than 4 SD, suggesting that the response curve could be
linear. Thus, redundancy analysis (RDA) was appro-
priate (Jongman et al., 1995). One nominal variable
(moss species) and 10 quantitative variables (AUR,
TCH, EXT, C, N, P, K, Ca, Mg, Ash) were used as
environmental variables. All quantitative variables
were transformed into Z-scores to eliminate the effect
of differences in units. In the diagrams, arrows for the
chemical variables of moss profiles depict the direction
and magnitude of the relationships among the chemical
variables and the fungal assemblage. Biplots were
focused in the inter-species distance. We tested
explanatory variables using the Monte Carlo Permu-
tation test provided by Canoco 4.5 software (with 999
randomizations).
3. Results
3.1. Moisture content and temperature
Moisture content was generally greater in profiles of
H. splendens than in those of R. lanuginosum (Table 1).
In H. splendens, moisture content was not significantly
(P> 0.05) different among the layers. In R. lanugi-
nosum, moisture content in layers 4þ 5 was signifi-
cantly (P< 0.001) greater than that in layers 1þ 2þ 3.
Temperature in H. splendens and R. lanuginosum was
generally higher in upper than in lower layers. The
range of temperature variation was also greater, i.e., the
maximum temperature was higher and the minimum
temperature was lower, in upper than in lower layers.
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Contents of AUR, EXT, C, N, P, K, Ca, Mg, and ash
were generally higher and total carbohydrate content
was lower in H. splendens than in R. lanuginosum
(Table 2). Organic chemical and nutrient contents
showed vertical patterns (Table 2): AUR content
increased with depth in both H. splendens and R.
lanuginosum. The contents of TCH, EXT, and C
decreased with depth in H. splendens, whereas such
trends were not observed in R. lanuginosum. Contents
of N, P, K, Ca, Mg, and ash generally increased with
depth in both H. splendens and R. lanuginosum, but
with transient decreases of the contents in layer 2 (i.e.,
senescent part of these moss species) for N, P, and K.
3.3. Hyphal length
Total hyphal length in H. splendens was signifi-
cantly (P< 0.05) greater in layer 4 than in layer 6, and
that in R. lanuginosum was significantly (P< 0.05)
greater in layers 4 and 5 than in layer 1 (Table 3). Live
hyphal length in H. splendens and R. lanuginosum
accounted for 0e3% of total hyphal lengths and was
not significantly different among layers (Table 3).
Darkly pigmented hyphal length in H. splendens and R.
lanuginosum accounted for 22e50% of total hyphal
length and was not significantly different among layers
(Table 3). Clamp-bearing hyphal length accounted for
0e25% of total hyphal length; that in H. splendens was
significantly (P< 0.05) greater in layers 3 and 4 than
in layers 1 and 2, whereas that in R. lanuginosum was
not significantly different among the layers.
The lengths of the four hyphal types were related to
moss species and contents of organic chemicalTable 2
Organic chemical and nutrient content (mg/g ash-free dry material) in mos
letters indicate that there is not significant difference at the 5% level by Tuk
Layer AUR TCH EXT C N P
Hylocomium splendens
1 310 4 b 515 20 a 51 4 a 486 1 a 9.4 0.3 bc 1.02
2 330 5 ab 515 15 a 37 4 ab 482 3 a 8.0 0.3 c 0.72
3 339 9 ab 527 12 a 30 4 ab 484 7 a 8.8 0.2 bc 0.81
4 342 8 a 478 14 ab 33 7 ab 482 5 a 10.8 0.8 bc 1.10
5 334 6 ab 469 23 ab 25 3 b 468 4 a 12.7 1.3 ab 1.35
6 353 9 a 427 23 b 24 10 b 440 5 b 16.0 1.8 a 2.33
Racomitrium lanuginosum
1 215 5 b 647 24 a 29 3 a 465 5 a 4.3 0.2 b 0.34
2 230 6 ab 642 26 a 28 3 a 467 4 a 3.1 0.2 b 0.11
3 250 8 ab 618 23 a 24 4 a 470 3 a 4.0 0.5 b 0.17
4 248 9 ab 600 28 a 30 4 a 467 1 a 5.7 0.8 ab 0.28
5 273 19 a 588 35 a 29 9 a 463 7 a 8.2 1.6 a 0.54
AUR, acid-unhydrolyzable residue; TCH, total carbohydrates; EXT, extractcomponents and nutrients (Table 4). Moss species was
selected as a predictor variable for total, darkly pig-
mented, and clamp-bearing hyphal lengths, of which
total and darkly pigmented hyphal lengths had signif-
icant c2 values. Contents of AUR and TCH were
predictor variables selected for total hyphal length.
Nutrients (N, P, K, Ca, Mg) and ash were selected for
the model of four hyphal types; among these nutrients,
P and K were significantly and consistently related to
the hyphal lengths.
3.4. Fungal assemblages
A total of 18 and 19 fungal taxa was isolated from
the profiles of H. splendens and R. lanuginosum,
respectively, with 11 taxa (excluding white sterile
mycelia) being common to both moss species (Table
5). Rarefaction curves of the fungal species
approached a plateau for the two moss species (Fig. 2).
In H. splendens, Penicillium sp.1 was the most frequent
fungus when frequencies of incidence were averaged
for the six profiles, followed by Mortierella minu-
tissima, Cylindrocarpon sp., Mortierella parvispora,
Trichoderma sp., and Cladosporium herbarum,
whereas the most frequent fungus in R. lanuginosum
was Chrysosporium pannorum when frequencies of
incidence were averaged for the five profiles, followed
by Penicillium sp.1, M. minutissima, Absidia cylin-
drospora, Umbelopsis ramanniana, Penicillium mic-
zynskii, and C. herbarum (Table 5).
The number of fungal taxa in H. splendens
decreased from layers 1 to 4 and then increased to
layer 6, whereas that in R. lanuginosum decreased from
layers 1 to 5 (Table 5). Patterns of vertical distribution
were obvious for most fungal taxa. In H. splendens,s profiles. Values indicate means standard errors (n¼ 5). The same
ey’s HSD test for each of the two moss species.
K Ca Mg Ash
 0.01 bc 3.8 0.1 b 7.5 0.3 e 2.7 0.1 c 10.2 0.7 c
 0.02 c 3.6 0.2 b 9.3 0.5 de 3.0 0.1 c 13.4 1.4 c
 0.04 c 3.7 0.5 b 12.1 0.6 cd 3.4 0.4 c 14.4 3.3 c
 0.05 bc 5.3 1.0 b 14.3 0.5 bc 4.5 0.6 bc 20.6 2.9 bc
 0.11 b 7.9 1.5 b 17.4 0.9 ab 6.3 0.5 b 30.7 2.7 b
 0.21 a 17.6 1.7 a 20.0 1.4 a 10.6 1.2 a 53.6 4.3 a
 0.04 ab 1.9 0.2 ab 4.4 0.9 c 1.1 0.1 b 5.0 1.0 b
 0.02 b 1.3 0.2 b 6.8 1.3 c 1.2 0.2 b 7.1 1.3 b
 0.04 b 1.5 0.2 ab 9.1 1.1 bc 1.6 0.3 b 8.3 1.3 b
 0.06 ab 2.0 0.3 ab 12.6 1.5 ab 2.0 0.3 ab 12.0 1.8 ab
 0.12 a 2.8 0.6 a 15.0 1.7 a 3.2 0.7 a 20.3 4.6 a
ives.
Table 3
Length of four hyphal types in moss profiles. Values are in m/g dry material and indicate means standard errors (n¼ 5). Numbers in parenthesis
indicate the mean proportion relative to the total hyphal length. The same letters indicate that there is not significant difference at the 5% level by
Tukey’s HSD test.
Layer Total hyphae Live hyphae Darkly pigmented hyphae Clamp-bearing hyphae
Hylocomium splendens
1 5019 488 ab 117 68 a 1035 74 a 184 164 bc
(2) (22) (3)
2 3692 424 ab 65 18 a 1189 129 a 62 62 c
(2) (33) (2)
3 5131 1109 ab 40 33 a 2638 1094 a 1367 488 ab
(1) (44) (25)
4 6310 1265 a 57 35 a 3161 708 a 1494 441 a
(1) (50) (23)
5 4047 751 ab 84 53 a 1952 396 a 370 184 abc
(2) (48) (7)
6 2478 556 b 15 15 a 1176 435 a 471 177 abc
(0) (48) (16)
Racomitrium lanuginosum
1 104 24 b 3 3 a 28 12 a 0 0 a
(2) (24) (0)
2 738 119 ab 18 11 a 204 79 a 10 10 a
(3) (30) (2)
3 1248 287 ab 0 0 a 424 91 a 0 0 a
(0) (35) (0)
4 1565 491 a 12 8 a 531 188 a 0 0 a
(1) (35) (0)
5 2165 504 a 14 9 a 560 168 a 524 270 a
(1) (27) (22)
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frequently in layers 1 and 2 than in the lower layers,
whereas M. minutissima and M. parvispora were most
frequent in layers 3 and 4, Cylindrocarpon sp. were
most frequent in layer 5, and Penicillium sp.1 were
most frequent in layers 1 and 6. The frequencies ofTable 4
Summary of generalized linear model for hyphal length and selected
predictor variables. Carbon content was not selected in models of the
hyphal types. Regression coefficients are shown. Moss (H) indicates
the regression coefficient for Hylocomium splendens. ***P< 0.001,
**P< 0.01, *P< 0.05.
Total
hyphae
Live
hyphae
Darkly
pigmented
hyphae
Clamp-bearing
hyphae
Moss (H) 2180*** e 606** 216ns
AUR e23* e e e
TCH e10* e0.3ns e e
EXT e e e18ns e7ns
N e540** e8.9ns e e
P 7980*** 176.3** 1995** 793ns
K e974*** e20.3*** e353*** e160**
Ca 237** e 83* 59**
Mg e923ns e e e
Ash 18* e e e
AIC 946.0 618.5 919.3 919.3
ns: non significant.Penicillium sp.1 and M. minutissima were significantly
(P< 0.05, c2 test) different among the layers of H.
splendens. In R. lanuginosum, C. herbarum occurred
most frequently in layer 1, whereas Penicillium sp.1,
M. minutissima, U. ramanniana, and P. miczynskii
were most frequent in layers 2 and 3, and C. pannorum
and A. cylindrospora were most frequent in layers 4
and 5. The frequencies of C. pannorum and Penicillium
sp.1 were significantly (P< 0.01, c2 test) different
among the layers of R. lanuginosum.
Relationships between fungal assemblages and the
chemical composition of moss profiles were analyzed
with RDA. The occurrence data of the 10 major fungal
species were used for the analysis (Fig. 3). Moss
species significantly affected the fungal assemblages
(Monte Carlo Permutation test, F¼ 2.91, P< 0.05),
whereas the 9 chemical variables did not. C. pannorum
and A. cylindrospora occurred more frequently on
R. lanuginosum than on H. splendens.
4. Discussion
The lengths of total hyphae in the moss profiles
(Table 3) were within the range previously reported for
tundra soils. For example, Laursen and Miller (1977)
reported that total hyphal length in tundra soils at
Table 5
Frequency (%) of fungi in moss profiles.
Fungus Hylocomium splendens Racomitrium lanuginosum
1 2 3 4 5 6 1 2 3 4 5
Penicillium sp.1 56 33 11 28 39 61 6 67 39 28 28
Mortierella minutissima 0 33 61 78 0 39 11 6 50 33 33
Chrysosporium pannorum 6 0 0 0 0 0 6 28 28 78 50
Cylindrocarpon sp. 22 11 0 0 72 6 6 11 6 0 6
Absidia cylindrospora 0 0 0 0 0 0 0 0 22 67 39
Mortierella parvispora 6 0 22 28 0 11 0 6 6 6 0
Cladosporium herbarum 33 0 0 0 0 0 28 22 0 0 0
Umbelopsis ramanniana 0 0 0 0 0 0 6 17 33 11 11
Trichoderma sp. 22 17 6 0 6 6 6 0 0 0 0
Penicillium miczynskii 0 0 0 0 0 0 0 6 28 11 17
Paecilomyces sp. 6 0 6 0 0 0 11 6 6 6 0
Coelomycete H532 0 0 0 0 22 11 6 0 0 0 0
White sterile mycelia 0 6 0 0 6 0 22 6 0 0 0
Mortierella sp.2 0 0 0 0 0 0 0 0 17 0 0
Mucor hiemalis 6 0 6 0 0 0 0 6 0 0 0
Coelomycete S1171 0 0 0 0 0 0 11 0 0 0 0
Mortierella elongata 0 0 0 0 11 0 0 0 0 0 0
Mortierella sp.1 0 0 0 0 0 6 0 6 0 0 0
Aureobasidium pullulans 6 0 0 0 0 0 0 0 0 0 0
Cloridium sp. 6 0 0 0 0 0 0 0 0 0 0
Coelomycete H292 0 6 0 0 0 0 0 0 0 0 0
Gliocladium sp. 0 6 0 0 0 0 0 0 0 0 0
Trichoderma polysporum 0 0 0 0 0 6 0 0 0 0 0
Coelomycete S153 0 0 0 0 0 0 6 0 0 0 0
Phialophora sp. 0 0 0 0 0 0 0 6 0 0 0
Number of species 10 7 6 3 6 8 12 10 10 8 7
Sum of frequency (%) 167 111 111 133 156 144 122 172 233 239 183
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greatest values being recorded on mesic soils with
a deep peat layer. Widden and Parkinson (1979)
reported that total hyphal length in tundra soils atFig. 2. Rarefaction curve depicting the effect of number of moss
shoot segments examined on the number of fungal species for
Hylocomium splendens (thin line) and Racomitrium lanuginosum
(bold line).Truelove Lowland, Devon Island, Canada was
concentrated in the top few centimeters of the soil,
reaching 2228 m/g dry soil. Robinson et al. (1996)
summarized the data of total hyphal length in soils
and dead plant tissues on tundra soils and reported that
these ranged from 4 to 9600 m/g dry soil. In contrast,
few data have been available on the length of live,
darkly pigmented, and clamp-bearing hyphae in arctic
tundra soils. However, the values of these hyphal types
in the present study were at similar levels to those
reported from temperate regions, such as in tree leaves
(Osono and Takeda, 2001; Osono, 2005; Osono et al.,
2006b) and forest floor materials (Osono et al., 2002).
Darkly pigmented hyphae can be associated with those
of dematiaceous fungi, such as Cladosporium, Clori-
dium, and Phialophora (Table 5), but these fungi
occurred less frequently than other frequent fungal
species with hyaline hyphae, suggesting that the
isolation frequency provided little information about
hyphal abundance of each species (Osono et al., 2002).
Clamp-bearing hyphae are associated with
Basidiomycota, possibly of saprobic fungi, or of
Fig. 3. Diagram of redundancy analysis ordination for the corre-
sponding positions of the 10 most frequent fungal species based on
the occurrence data for moss species and profiles. Environmental
variables are indicated by filled triangles (nominal variables) and
arrows (quantitative variables). P1 Penicillium sp.1, Mm Mortierella
minutissima, Cp Chrysosporium pannorum, Cy Cylindrocarpon sp.,
Ac Absidia cylindrospora, Mp Mortierella parvispora, Ch Clado-
sporium herbarum, Ur Umbelopsis ramanniana, Tr Trichoderma sp.,
Pm Penicillium miczynskii.
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S. arctica, D. integrifolia, C. tetragona, and S. oppo-
sitifolia growing on moss layers (Miller et al., 1973;
Kohn and Stasovski, 1994).
The variations of four types of hyphal lengths
between moss species and among vertical layers were
largely attributed to the nutrient contents (Table 4);
hyphal length was correlated positively to P and Ca
and negatively to N, K, and Mg, suggesting that these
nutrients can limit the growth of fungal hyphae in moss
profiles. The greater nutrient contents in H. splendens
than in R. lanuginosum can also explain the difference
in hyphal lengths between the two moss species (Table
3). In addition, the lower moisture content in live and
dead tissues of R. lanuginosum collected from a xeric
site (Table 1) can account for the significantly lower
values of total and darkly pigmented hyphal lengths
than in H. splendens (Tables 3 and 4). Possible
explanations for the decrease in total hyphal length of
H. splendens at layers 5 and 6 (Table 3) could be the
rapid increase of N, K, and Mg contents (Tables 2 and
4) and the low temperature encountered in the lower-
most layers (Table 1) adjacent to permafrost. Supply of
excess N could also suppress fungal growth in soils
(Ba˚a˚th et al., 1981; Arnebrant et al., 1990).
Rarefaction curves of the fungal species approached
a plateau for both of the moss species (Fig. 2). The
species richness was much lower than those reportedfor leaf litter of subalpine, temperate, and tropical
forests examined with the same washing method as
used in the present study (Osono 2011), but was at
similar levels to the species richness of fungal assem-
blages reported from tundra litter and soils. For
example, Widden and Parkinson (1979) isolated a total
of 16e17 fungal species from 300 dead leaf fragments
and a total of 27e29 species from 500 soil particles in
Truelove Lowland, Canada, using a soil washing
method. Robinson et al. (1998) recorded a total of 28
fungal taxa from 150 particles (each 2 mm2) of dead
leaves of Dryas octopetala collected in a polar semi-
desert site in Svalbard, Norway, using a surface
disinfection method.
C. pannorum and C. herbarum, species of Cylin-
drocarpon and Penicillium, and Zygomycetes (Absidia,
Mortierella, and Umbelopsis) are common inhabitants
of dead plant tissues (Ivarson, 1973) and soils (Cooke
and Fournelle, 1960; Dowding and Widden, 1974;
Widden, 1977; Widden and Parkinson, 1979;
Robinson et al., 2004) in high-arctic regions. These
fungi are also common components of fungal assem-
blages in boreal peatlands (Thormann and Rice, 2007)
and in mosses of the temperate forest floor (Osono and
Trofymow, in press) and are considered to be adaptive
counterparts for growth in arctic regions of the same
species found in boreal and temperate forest soils
(Ivarson, 1973; Widden and Parkinson, 1978). Moss
species significantly affected the species composition
of fungi (Fig. 3), consistent with the finding of
Kauserud et al. (2008) that living parts of different
moss species harbored a different suite of fungal
species. Bryophytes are known to produce compounds
with fungistatic and fungitoxic properties against
a variety of fungi (Davey and Currah 2006), which may
partly account for the difference in composition of
fungal species between the two moss species.
Individual fungal species showed patterns of
vertical distribution within the moss profiles (Table 5).
To the knowledge of the authors, no studies have been
published regarding the vertical distribution of fungi
within moss profiles, but there have been a few studies
on fungal distribution within soil profiles. For example,
consistent with the present study, Widden (1977)
reported that C. pannorum was more frequent at
deeper soil layers in a hummocky sedge-moss meadow
on Truelove Lowland, Canada. The regular associa-
tions of Cladosporium with green parts of mosses and
the successional changes in the occurrence of different
species of Absidia, Mortierella, Penicillium, Tricho-
derma, and Umbelopsis with respect to the decompo-
sition stages within the moss profiles were similar to
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litter of forest tree species (Osono and Takeda, 2001;
Osono, 2005). Possible factors affecting the distribu-
tion of the fungal species within the moss profiles
include the proximity to the surface which affects the
contact with the air and hence the inoculum source
from the air (i.e., air spora), the contents of organic
chemical components and nutrients, the environmental
conditions such as temperature and moisture condi-
tions, and the competitive interaction with other fungal
species and microbes.
Recent studies applied molecular techniques to
study the diversity of environmental DNA of fungi in
tundra plant tissues (Higgins et al. 2007) and soils
(Wallenstein et al. 2007). Such molecular, culture-
independent methods will be useful to further
examine the diversity of fungi associated with arctic
mosses that cannot be clarified in culture-dependent
methods.
Contents of organic chemical components and
nutrients in green (layer 1) and yellow (layer 2) moss
tissues were at similar levels to those reported previ-
ously for the same two moss species in the same study
site (Osono et al., 2006a; Ueno et al., 2009) and in
other regions (Pakarinen and Vitt, 1974; Nakatsubo,
1990; Nakatsubo et al., 1997). The patterns of
changes in chemical composition down the profile,
which were characterized by the relative increase of
AUR, the relative decrease of TCH, and the accumu-
lation of nutrients down the moss profiles (Table 2),
showed close similarities to the pattern of decompo-
sition of moss litter in a boreal forest (Berg, 1984) and
to the common pattern of decomposition of tree leaf
litter on boreal and temperate forest soils (Berg and
McClaugherty, 2003; Osono and Takeda, 2004a,b,
2005). Those previous studies of leaf litter decompo-
sition in forests concluded that the immobilization of N
and P was associated with the selective decomposition
of TCH and the relative accumulation of AUR in litter
residues (Osono and Takeda, 2004b). The lower values
of N, P, and K in layer 2 than in layer 1 were possibly
attributable to the resorption of these nutrients, limiting
the growth of the living part of mosses (Eckstein, 2000;
Cornelissen et al., 2007).
Comparison of the patterns of changes in chemical
composition within the moss profiles with the fungal
succession suggests that most of the fungal species
isolated took part in the selective decomposition of
carbohydrates and led to the relative accumulation of
AUR and nutrients in the deeper layers (Tables 2 and
5). This speculation appears to be supported by
previous results of pure culture tests showing thatisolates of Chrysosporium, Cylindrocarpon, Penicil-
lium, Phialophora, Trichoderma, and Zygomycetes
(Mortierella, Mucor, and Umbelopsis) had positive
activity for cellulose and starch decomposition but
generally showed weak or no activity for humic acid
decomposition (Flanagan and Scarborough, 1974).
Species in these fungal genera generally caused the
decomposition of carbohydrates but had limited
activity to decompose lignin in tree leaf litter (e.g.
Osono and Takeda, 2002). Rice et al. (2006) found that
isolates of C. pannorum (denoted as teleomorphic
Geomyces pannorus), which was frequent in layers
2e5 of R. lanuginosum (Table 5), included some
isolates that exhibited decomposition of moss tissues
that resembled white rot of wood; however, the role of
this species in the decomposition of arctic moss
profiles in the present study is unknown. The selective
decomposition of carbohydrates by fungi resulted in
the structural disintegration of moss tissues at deeper
layers, leading to the compaction of moss tissues and
accumulation of carbon as recalcitrant compounds
(i.e., AUR) and nutrients in moss blocks. Fukasawa
et al. (2009) demonstrated that fungal tissues synthe-
sized during plant litter decomposition could be
incorporated into AUR fraction. Such a pattern of
decomposition of moss tissues contributes significantly
to the sequestration of carbon and nutrients in high-
arctic terrestrial ecosystems where mosses dominate
(Tenhunen et al. 1992).
The present study did not evaluate the turnover rate
of the moss profiles. Lang et al. (2009) reported that
tissues of H. splendens were decomposed faster than
those of R. lanuginosum when examined under the
same field conditions. Similarly, Russell (1990) found
that R. lanuginosum had the lowest turnover rate (i.e.,
annual production as a percentage of biomass) among
seven moss species, possibly due to the lower moisture
and nutrient contents in tissues of R. lanuginosum. The
lower moisture and nutrient contents in R. lanuginosum
(Tables 1 and 3) suggest lower production and
decomposition rates, leading to the lower turnover rate
of profiles compared to those in H. splendens. Using
the radiocarbon (14C) dating technique (Hyodo et al.
2006), we preliminarily estimated the dead year of
moss tissues in the lowermost layer to be as old as
1956e1977 (i.e., at least 26e47 years before the
sampling) for H. splendens and as old as 1955e1956
(i.e., at least 47e48 years before the sampling) for R.
lanuginosum. These preliminary results are not in
conflict with the speculation that the turnover rate was
slower in R. lanuginosum than in H. splendens. More
studies will be necessary to examine turnover rates of
130 T. Osono et al. / Polar Science 6 (2012) 121e131organic materials in arctic moss profiles and to esti-
mate the activity of fungi in the decomposition of moss
tissues.
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